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D scription 

Cross Ref r nc to Related Application 

[0001] This application claims priority of provisional 
application Serial No. 60/018,71 6, fil d May 31 , 1 996. 

Field of the Invention 

[0002] This invention peri:ains to "microstructured*' 
optical fiber, to articles and systenns (collectively "arti- 
cles") that comprise such fiber, and to methods of mak- 
ing such fiber ' 

Background of the Invention 

[0003] Optical fiber communication systems typically 
comprise a variety of fibers and fiber-based compo- 
nents, e.g., low loss transmission fiber, Er-doped ampli- 
fier fiber, dispersion compensating fiber, and fiber with 
in-line refractive index gratings. All of these achieve 
guiding by means of total internal reflection, based on 
the presence of a solid core of relatively high refractive 
Index that is sun^ounded by a solid cladding that has rel- 
atively low refractive index. 

[0004] Recently a new type of optical fiber has been 
proposed. See T A. Birks et al., Electronic Letters, Vol. 
31 (22), p. 1 941 (October 1 995), and J. C. Knight et al., 
Proceedings of OFC, PD 3-1 (February, 1 996). The new 
optical fiber, referred-to as a "photonic crystal" or "pho- 
tonic bandgap" (PBG) fiber, involves a dielectric struc- 
ture with a refractive index that varies periodically in 
space (in the x-y plane; it is independent of the z-coor- 
dinate, i.e., the longitudinal coordinate of the structure), 
with a period of the order of an optical wavelensfth (e.g., 
about 1 -2^m). According to the authors of the above cit- 
ed references, in such a structure Bragg diffraction can 
take place, such that the structure exhibits a photonic 
stop band for certain values of wavelength and propa- 
gation direction. In consequence of the Bragg diffrac- 
tion, radiation of certain wavelengths can only propa- 
gate in the longitudinal direction, with essentially no lat- 
eral leakage. The structure thus is a guiding structure 
that achieves guiding by a mechanism that differs fun- 
damentally from the index guiding of conventional opti- 
cal fibers. PBG fiber is an example of a "microstruc- 
tured" fiber, as the tenn is used herein. 
[0005] The above-cited Birks et al. reference states 
that applications of PBG fibers "... arise from the unique 
properties of the fibers", and discloses that a polished ' 
PBG fiber could provide a sensitive water pollution-or 
bio-sensor, or a novel gas sensor, and that other appli- 
cations could follow from the polarization properties of 
the structure. 

[0006] The Biri<s et al. reference also discloses that 
wori< is under way to make PBG fiber "... by a multiple 
stack-and-draw process." The Knight et al. reference 
discloses that PBG fiber is formed "... by creating a hex- 



agonal silica/air preforrri (including a deliberate defect 
to guide light) on a macroscopic scale and then reducing 
its size by s veral orders of magnitude by pulling it into 
an optical fibre." 'The unit cell of the photonic crystal is 

5 formed by drilling a hole down th cientre of a silica rod 
and milling six flats on th outsid , to giv a hexagonal 
cross-section." A central "defect" is introduced by isub- 
stituting a solid hexagonal rod for a rod with a longitudi- 
nal bore. Multiple drawings of the compound structure 

10 resulted in a PBG fiber of hexagonal cross section, with 
34nm flat-to-flat diameter, and 2.1jim pitch between air 
holes. 

[0007] The prior art process of making PBG fiber Is 
difficult and costly, and it clearly would be desirable to 

'5 have available a simpler, less costly method for making 
microstructured fiber. This application discloses such a 
method. Furthemriore, this application discloses a novel 
fiber (to be referred to as "non-periodic microstructured" 
fiber) that can be made by the novel method, as well as 

20 optical fiber communication systems and other articles 
that comprise microstructured fiber. 

Glossary and Definitions 

25 [0008] In this application we distinguish between "re- 
fractive index" and "effective refractive index". The re- 
fractive index of a feature that consists of a. given mate- 
rial (not excluding a void) is the conventional refractive 
index of the material. On the other hand, the "effective 
30 refractive index" of a feature of a fiber (e.g., of the clad- 
ding region) is the value of refractive index of the feature 
that gives, in a simulation of the fiber, the same optical 
properties as the actual fiber. If the feature is substan- 
tially homogeneous (e.g., the core region), then the ef- 
35 fective refractive index of the feature will be substantially 
the same as the refractive index of the feature. If, how- 
ever, the feature is non-homogeneous (e.g, a cladding 
region that comprises voids disposed in a matrix), then 
the effective refractive index of the feature will drfferfrom 
40 both the refractive index of the voids and the refractive 
index of the matrix material. Roughly speaking, the ef- 
fective refractive index of a non- homogeneous material 
can be considered to be a weighted average of the re- 
fractive indices of the constituents of the material. It is 
45 known that the effective refractive index N of a 2-com- 
ponent material meets the following condition: 

(n^n2)(Jfin2 +f2n?)"^ ^ N S ^f^n? +f2n2. 

50 

where n^ and n2 are the refractive indices of the two 
components, and F-t and f2 are the respective volume 
fractions. For a material consisting of 50% b.v. air and 
50% b.v. silica, this gives 1 .1 64 < N 5 1 .245. Exact val- 
55 ues of effective ref ractive indie scan be obtained by nu- 
merical simulation of the guiding properties of micro- 
structural optical fibers, ex mplarily using vector solu- 
tions of jVlaxwell's equations. Such calculations are 
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known to those skilled in the art. See, for instance, "Pho- 
tonic Crystals", J.D. Joannopoulos et al., Princeton Unl- 
V rsrtypress, 1995. Oursimulation of the above referred 
to 50y50 air/silica material, as described in ExampI 2, 
gave N - 1 .20. s 
[0009] Th term "effectiv diamet r* of a fiber region 
herein has its conventional meaning. For instance, for 
a fiber having a given core effective refractive Index Nq 
and a given cladding effective index N^, the effective 
core diameter at a given wavelength X is that core di- 
ameter of a step index profile that yields the same V- 
number as the actual fiber. 

[0010] Cladding features are "non-periodically" dis- 
posed in the first cladding material if at least one of the 
cladding features is not at a position of a periodic array, 
or differs in some property (e.g., diameter) from the oth- 
er cladding features. 

[0011] The "A" of a microstructured fiber is (N^ -NJ/ 
N(,, where and are defined above. 
[0012] US 3 902 879 discloses a fiber having a single 20 
cladding layer with pores formed therein. 
[0013] According to the present invention, there is 
provided an article as defined in claim 1 . 
[001 4] We have discovered that microstructured opti- 
cal fibers do not have to have the fully periodic "clad- 25 
ding" microstructure disclosed in the prior art. Indeed, 
we have so far been unable to verify the existence of a 
photonic bandgap in microstructured optical fiber. How- 
ever, we have found that microstructured fibers can 
serve as optical waveguides, and can have properties 30 
that are unattainable in conventional optical fibers, pro- 
vided that the fiber meets some simple conditions. 
Among these properties is an effective refractive index 
difference between core and cladding that can be much 
larger than the refractive index difference obtainable by 35 
means of doping. Such microstructured fibers can be 
advantageously used in optical fiber communication 
systems, e.g., as dispersion compensating fiber, as pho- 
tosensith^e fibers and as rare earth-doped fibers, 
[0015] The invention is embodied In an article (e.g., 40 
an optical fiber communication system) that comprises 
a microstructured optbal fiber in accordance with claim 
1. 

[0016] Microstructured fibers according to the inven- 
tion can be single mode fibers or multimode (typically ^5 
only a few modes) fibers. The core region typically will 
be solid material, either homogeneous or a combination 
of materials (e.g., an inner SI core region and an outer 
SiOj core region), but could comprise a llqujd. For in- 
stance, the core region could comprise a glass capillary 50 
tube, with the liquid drawn into the capillary after fiber 
drawing. 

[0017] in exemplary currently prefen'ed embodiments 
the core region is silica (doped or undoped), the first . 
cladding material is silica, and the cladding features are ss 
voids. However, the core r gion need not have the same 
composition as the first cladding material, and/or the 
cladding features need not be voids. For instance, the 



core could comprise a silicon inner core (to impart to the 
core a higher effective refractiv index), or the cladding 
featuries could be a poiymer with predeterrtiined refrac- 
tive index, liquid crystal material or F-dop d silica. 
[0018] As thos skilled In the art will recognize, lim- 
ination of the prior art requir m nt of strict periodicity of 
the cladding features can make it easier to manufacture 
microstructured fibers (and makes possible novel tech- 
niques for making such fibers). The elimination of the 
requirement is based on our realization that Bragg dif- 
fraction is not a requirement for radiation guiding In 
microstructured fiber, and that such fibers can be effec- 
tive index guides. 

[0019] By way of example, a currently prefen^ed 
microstructured fit?er according to the invention has an 
Inner cladding region and an outer cladding region, with 
the cladding features in the inner cladding region being 
voids of larger diameter than the void cladding features 
of the outer cladding region. The inner cladding region 
thus has effective refractive index N^i less than the ef- 
fective refractive index H^o of the outer cladding region. 
A homogeneous silica outer cladding is typically provid- 
ed for strength reasons. Such fiber can exhibit large dis- 
persion (e.g., dispersion that is more negative than -300 
ps/nm-km) at a predetermined wavelength X (e.g., 1 .55 
\im) and for a fundamental guided mode, and thus can 
be used advantageously for dispersion compensation. 
Furthermore, the fiber can have large dispersion slope, 
such that the fiber can provide dispersion compensation 
over a significant wavelength range, e.g., 20 nm or 
more. Such fiber also can have a small mode field di-. 
ameter, e.g., less than 2.5 \im at X and for the funda- 
mental mode. Fiber according to the invention that com- 
prises a photosensitive material in the core region can 
advantageously be used for optical fiber gratings, and 
fiber that comprises one or more, rare earths (e.g., Er) 
in the core region can advantageously be used for fiber 
amplifiers and/or lasers. All of these applications benefit 
from the large A that can be attained in microstnjctured 
fibers according to the invention. 
[0020] The invention is also embodied in a method of 
making microstnjctured optical fibers as defined in claim 
12. 

[0021 ] This method specifies that, one end of the cap- 
illary tubes is sealed, either before or after assembling 
the bundle, and the fiber is drawn from the other end of 
the bundle (preform). The resulting internal pressure in 
the capillary voids serves to maintain the capillary voids 
open. On the other hand, the voids between the capillary 
tubes remain open, and thus readily collapse during 
drawing. 

[0022] The above described method produces non- 
periodic cladding features. In the latter case, the clad- 
ding features can vary in size or be arranged irregularly, 
provided only that the effective refractive index profile 
of the resulting fiber is such that the fiber supports th 
desired guided mode or modes. 
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Bri f Description f th Drawings 
[0023] 

FIGS, 1 and 2 are scliematic depictions of micro- 
structured fib rs in cross section; 
FIG. 3 schematically shows an optical fiber commu- 
nication system comprising a mlcrostructured fiber; 
FIG. 4 shows a further embodiment of a mlcrostruc- 
tured fiber in schematic cross section; 
FIG. 5 shows a portion of the cross section of an 
exemplary non-periodic microstructured fiber; and 
FIG. 6 shows the dispersion spectrum of a length 
of the fiber of FIG. 5. 

Detailed Description of Some Preferred 
Embodiments 

[0024] As those sldlled in the art will recognize, the 
microstmctured fibers of interest herein have finite size 
(e.g., about 125^lm diameter) in the x-y plane, i.e., the 
plane normal to the longitudinal (z) coordinate of the fib- 
er, and typically have substantially infinite extent (e.g., 
meters or even kilometers) in the longitudinal direction. 
[0025] Prior art PBG fibers as proposed by Birks et al. 
have a central stmctural feature (referred to as the "de- ' 
fecf ; ft should be emphasized that this terminology is 
used to indicate the presence of an element that differs 
in some way from the elements In an otherwise unifonn 
array. It does not imply a fault or unintended feature) 
that is surrounded by a periodic array of cladding fea- 
tures. Herein we will refer to the defect as the "core re- 
gion". The core region need not be at the center of the 
fiber structure, although in practice it will generally be 
centrally disposed. The core region in PBG fiber breaks 
the symmetry of the stmcture. It can differf rom the clad- 
ding features in any of a wide variety of ways, e.g., with 
regard to size, or with regard to refractive index. The 
latter can vary widely, from 1 (air) through 1 .45 (silica) 
to much larger values associated with different glasses 
or even non-glass materials such as semiconductors. 
Indeed, in principle the only limitation on the choice of 
core region is compatibility with the process of making 
the fiber. 

[0026] The cladding features of a prior art PBG fiber 
similarly can consist of a void, or any suitable (second) 
material disposed in a (first material) matrix. The fea- 
tures are disposed to form a periodic array, with one of 
the sites of the array occupied by the above-described 
core region. By way of example, the an-ay is fonned by 
a multiplicity of elongate voids of a given diameter that 
are arranged in a triangularly symmetric pattern, as 
shown schematically in Fig. 1, wherein numerals 10-13 
refer, respectively to an exemplary PBG fiber in cross 
section, the core region, the cladding feature array, and 
an exemplary "unit cell" of the array 
[0027] The an-ay does not necessarily have a unit cell 
of triangular symmetry. Among other possible arrays are 



those with square unit cell and those with hexagonal unit 
cell, th latter being schematically shown in Fig. 2, 
wherein numeral 23 refers to an exemplary hexagonal 
unite II. 

s [0028] Wehavedlscov red that the stringent r quire- 
ments that were postulated by the above cited r f renc- 
es can be considerably relaxed. In particular, we have 
discovered that there is no need for periodicity in the x- 
y plane (cross section) of the fiber. Instead, it is neces- 
^0 sary that the fiber possesses a core region having an 
effective index of refraction that is significantly higher 
than the effective index of refraction of a cladding region 
that surrounds the core region and comprises a multi- 
plicity of mfcrostructural cladding features, e.g., capu- 
ts lary voids, with the cladding features not fomriing a pe- 
riodic array. Indeed, the cladding features can even be 
randomly distributed and vary in size or other relevant 
property, provided that the fiber has a suitable effective 
refractive index profile. This of course constitutes a pro- 
20 found departure from the prior art PBG fibers. 

[0029] FIG. 5 schematically shows a relevant portion 
of a non-periodic microstructured optical fiber. The 
structure comprises a solid core region 51 sun-ounded 
by an innercladding region comprisingfirstcladdingfea- 
25 tures 52, an^anged iri basically hexagonal fonn, with the 
inner cladding region surrounded by an outer cladding 
region comprising second cladding features 53, not all 
of which are shown. 

[0030] Exemplariiy, the cladding features are voids, 
30 with the remainder of the structure being glass, e.g., sil- 
ica. In a particular embodiment, the first and second 
cladding features have diameter 0.833 |jjn and 0.688 
pjn, respectively, with the center-to-center spacing of 
the cladding features being 0.925 ^m. The first cladding 
35 features are positioned such that the inscribed circle of 
core region 51 is 1 .01 7 \im. 

[0031] As will be recognized by those skilled in the art, 
the core region, consisting of glass, will have an effec- 
tive refractive index substantially equal to the refractive 

40 index ofthe glass. The innercladding region has a larger 
ratio of void to glass than the outer cladding region. Con- 
sequently, the inner cladding region has a lower effec- 
tive refractive index than the outer cladding region, and 
both cladding regions have lower effective refractive in- 

45 dex than the core region. 

[0032] FIG. 6 shows the computed dispersion spec- 
trum 61 of the above described exemplary microstruc- 
tured fiber, with the glass being silica, and the capillary 
features being air. Dashed curve 62 is the negative dis- 

50 perslon spectrum of 94 km of commercially available 
50® fiber. As can be seen from FIG. 6, 1 km of the fiber 
according to the invention essentially perfectly compen- 
sates the dispersion of 94 km of a conventional single 
mode transmission fiber over a spectral range of more 

55 than 20 nm, namely, about 50 nm. 

[0033] As disclosed above, FIG. 5 does not show all 
of th second cladding f atures of the fiber. Our simu- 
lations indicate that at least 4 "layers" of second capillary 
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features should be provided. Typically, th microstruc- 
tured cladding region will, for nnechanical reasons, be 
surrounded by solid glass cladding that is far enough 
away from the core r gion such that it is ssentially op- 
tically inactive. 

[0034] The above discuss dnon-p riodicmicrostruc- 
tured fiber is an example of a fiber that has large nega- 
tive dispersion and a negative dispersion slope. Such 
fiber can be advantageously used as dispersion com- 
pensating fiber. As described, the non-periodicity is due 
to the presence of both first and second cladding fea- 
tures. However, the second cladding features could also 
be non-periodically disposed. 

[0035] In general, the microstructure cladding fea- 
tures should be disposed such that the cladding region 
does not contain any matrix regions of extent in the x-y 
plane sufficient to act as a secondary core, i.e., to sup- 
port a propagating radiation mode. Frequently this con- 
dition is met if the microstructured cladding does not 
contain any microstructu re-free region (in the x-y plane) 
that Is larger in area than the core region. More gener- 
ally, the microstructure cladding features should be dis- 
tributed (in the x-y plane) such that there is no cladding 
area with (x-y plane) dimensions equal to or larger than 
the core region that has effective refractive Index larger 
than (Np + Nc)/2, where N^. is the effective refractive in- 
dex of the relevant.cladding region. 
[0036] We will next discuss a particular, and currently 
prefen-ed, embodiment of a method of mal<ing a micro-, 
structured fiber. The method can be used, with suitable 
minor modifications, to make a non-periodic microstruc- 
tured fiber as described above. 
[0037] Silica capillary tubes (exemplarily 0.718 mm 
outside diameter, 0.508 mm inside diameter, 12 inches 
length) are sealed oh one end, and bundled into a close- 
packed arrangement. The center capillary tube is re- 
placed by a silica tube of different (exemplarily smaller) 
inside diameter, or by a silica rod of the same outside 
diameter. A silica tube is placed over the bundle of, ex- 
emplarily 1 69, silica capillary tubes, and collapsed onto" 
the bundle so as to preserve the close-packed arrange- 
ment. The resulting preform is fed into the hot region of 
a conventional draw fumace such that the un-sealed 
ends of the capillary tubes are heated. When an appro- 
priate temperature (exemplarily 2000**C) is reached, fib- 
er is drawn from the hot end of the preform. Exemplary 
preform feed rates are in the range 0.4-3.5 mm/minute, 
and exemplary draw speeds are in the range .2-.5 nn/s. 
Drawing typically is carried out in an inert atmosphere, 
e.g., argon. 

[0038] Initially, the unsealed ends of the silica capil- 
lary tubes typically close due to surface tension, thereby 
. sealing in a volume of air in each tube". As fiber is drawn 
from the preform, the volume available to the air de- 
creases, with attendant increase in pressure. This con- 
tinues until the pressure overcomes the surface tension 
and capillary force, causing the sealed tubes to open. 
The pressure in the sealed tubes generally is self-regu- 



lating, such that the cross sectional ar a of the silica to 
the area of the holes in th silica is cohstant, as the fiber 
is drawn to any desired diameter. The fiber can be coat- 
ed in conventional fashion. Sealing of one end of th 
5 capillary tubes could be carried out before or aft r bun- 
dling. 

[0039] Whereas the sealed tubes remain open .be- 
cause of the sealed-tn air, the interstitial spaces be- 
tween the tubes are eliminated because the spaces re- 

'0 main open to the atmosphere, and pressure therefore 
does not build to compensate for the surface tension. 
The resulting priorartstructure is substantially as shown 
in Fig. 1 ., with a core region and a regular array of cap- 
illary voids In a silica body. Note that a microstructure 
anBy is also created when the interstitial spaces are not 
required to close. Such a structure can also exhibit light- 
guiding properties. 
. [0040] The center-to-center spacing (pitch) of the" 
voids are inter alia a f u nction of the outside diameter of 

20 the capillary tubes and of the draw ratio, and the air-to- 
glass ratio is inter alia a function of capillary tube wall 
thickness. The fiber diameter can be independently in- 
creased by conventional overcladding of the prefomn, 
and overcladding will frequently be desirable to increase 

25 fiber strength, and to facilitate cleaving, splteing, and 
other operations that are standardized with respect to 
fiber diameter. 

[0041] Those skilled in the art will recognize that the 
above-described method can readily be adapted to fomi 

30 arrays of different symmetry. For instance, by appropri- 
ate substitution of silica rods (or capillary tubes of differ- 
ent inside diameter) for silica capillary tubes, the method 
can be used to produce microstmctured fiber with hex- 
agonal array unit cell, of the prior art type shown in FIG. 

35 2. 

[0042] Alternatively, the method can be modified to 
yield microstructured fiber with solid cladding features 
instead of voids. The desired second material (e.g.,-F- 
doped silica) is deposited on the inner surfaces of the 

40 first material (e.g., silica) tubes to a thickness that de- 
termines the feature diameter, and fiber is drawn from 
the preform substantially as described, except that the 
ends of the tubes are not sealed, thereby facilitating col- 
lapse of the tubes. Alternatively, the voids may be filled 

45 with metal or a glass with lower melting temperature 
than the capillary tube material. This may be accom- 
plished by allowing the metal or second glass to melt 
when exposed to heat from the draw furnace and to flow 
into the voids, possibly under vacuum, while the capil- 

50 lary glass remains rigid enough to be substaritlally un- 
defonned. Suitable metals include Al, Pb, Au, Ag and 
Cu, among others, as described by W. H. Grodkiewicz 
et. al. in Mat Res. BulL, Vol. 10 (10). p. 1085 (1975). 
The latter two methods are outside the scope of claim 

55 12. A suitable second glass should preferably have rel- 
atively low viscosity (is ''molten") at th appropriate 
working temperature, whereas the capillary material is 
relatively rigid at that temperature. The second-to-first 
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material ratio (analogous to th above referred to air-to- 
glass ratio) is inter alia a function of the wall thickness 
of the first nnaterial tube. 

[0043] Exemplarily, non-periodic microstructured fib- 
ers can be produc d from porous material (typically po- 
rous glass, exemplarily silica gel), provided the glass/ 
air ratio of the material can be controlled. Known sol/gel 
processes of making porous silica bodies allow such 
control. Drawing fiber from a prefonn that comprises a 
porous glass ctaddihg region can be expected to result 
in randomly distributed elongate voids. 
[0044] The guiding properties of microstructured fib- 
ers depend, in general analogy to those of conventional 
index-guiding fiber, on fiber geometry and effective re- 
fractive index profile. As is the case for conventional fib- 
er, computer simulations can be used to detennine the 
specific structure that will provide a desired property or 
characteristic. Algorithms have been proposed and 
used to determine the optical properties of 2-dimension- 
a) and 3-dimensional photonic crystals. See. for in- 
stance, J. D. Joannopoulos et al., "Photonic Crystals", 
Princeton University " Press, 1995, especially pp. 
127-129; J. B. Pendry, J. Modern Optics, Vol. 41(2), p. 
209 (1994); K. M. Leung. J. Optical Society of America, 
Vol. 10(2), p: 303 (1993). 

[0045] Computer simulation generally involves solu- 
tion of vector Maxwell's equations byfinite elementtech- 
niques, yielding the optical vector fields in a region of 
interest, and thus yielding complete information about 
optical propagation in the region. Thus, the fiber geom- 
etry, includirig array symmetry, index differences, sec- 
ond-to-finst material ratio (or void/material ratio), and 
core properties can be designed to yield the desired 
properties oi a microstructured fiber. 
[0046] Conventional (index-guiding) optical fibers typ- 
ically are designed to have at most of few percent re- 
fractive index difference A between core and cladding, 
primarily because, for A greater than about 2%, the loss 
of a single mode fiber increases significantly with in- 
creasing A. On the other hand, in microstructured fiber 
the index difference can be much larger, typically at least 
5%. Furthermore, microstructured fiber has parameters 
(e.g., symmetry, structure size, second-to first material 
volume ratios, core properties) that do not have a coun- 
terpart in conventional index-guided fiber, and which 
provide greater design freedom tothe designer of micro- 
structured fiber, making possible novel devices based 
on such fibers. 

[0047] For instance, in consequence of the large 
range of index difference potentially available in micro- 
structured fiber, such fiber can be tailored to have rela- 
tively large (in absolute value) waveguide dispersion. 
Microstructure fiber thus can advantageously be used 
as dispersion compensator in an optical fiber communi- 
cation system, including for dispersion slope compen- 
sation. 

[0048] FIG. 3 sch matically shows an exemplary op- 
tical fiber communication system 30 with numerals 



31 -37 referring to a transmitter, signal radiation of wave- 
length X (e.g., 1 .3 or 1 .55^m), optical transmission fiber, 
optical couplers, a length of microstructured fiber, op- 
tional further transmission fiber, and receiver, resp c- 
5 tively. Other conv ntional components (e.g., optical am- 
plifiers, pump lasers, optical isolators, Bragg gratings, 
WD Ms etc.) will typically be present but are not shown. 
[0049] Index guiding dispersion compensating (DC) 
fibers are known, as Is their use in optical fiber commu- 
te nication systems to compensate for the dispersion of a 
given length of transmission fiber. For instance, DC fiber 
can be used to facilitate 1 .SS^un transmission over op- 
tical fiber that has minimum dispersion in the 1 .3^m 
communication wavelength range. The transmission 
'5 fiber exemplarily has chromatic dispersion of about 17 
ps/nm-km and prior art DC fiber exemplarily has chro- 
matic dispersion of about - 150 ps/nm-km. Thus it can 
readily be seen that a relatively long length (e.g., 13.6 
km) of prior art DC fiber typically is required to compen- 
20 sate for the dispersion of a typical length (e.g., 120 km) 
of transmission fiber. On the other hand, microstruc- 
tured fiber can be designed to have relatively large (pos- 
itive or negative, as desired) chromatic dispersion, such 
that a relatively short length (e.g., 1 .3 km) of mlcrostruc- 
25 tured DC fiber can compensate the dispersion of the 
transmission fiber. * 
[0050] A significant aspect of the design of the micro- 
structured DC fiber is selection of the core, which can 
range from silica (refractive index about 1 .45) to material 
30 (e.g., Si) having an index high compared to silica, yield- 
ing large effective index differences, exemplarily > 1 0% 
and more. Details of the design can be determined by 
computer simulation in known manner, typically by so- 
lution of the vector Maxwell's equations. 
35 [0051] MoVe broadly, microstructured fiber not only 
can be readily designed as high A fiber, but can for in- 
stance also be designed to have, in addition to the high 
A, a photosensitive core or a rare earth doped core. 
[0052] A microstructured fiber with high A and photo- 
40 sensitive core is of considerable interest because such 
a fiber gives a small (e.g., 2.5 ^m or less) mode diameter 
of the guided radiation, resulting in high optical Intensity 
in the core, with attendant increased non-linearity in the 
fiber. This in turn makes it possible to provide a fiber 
"^5 Bragg saturable absoriDer, a device that can be advan- 
tageously used in, for instance, a mode-locked fiber la- 
ser. The high nbniinearity of high A microstructured fiber 
with photosensitive core also facilitates all-optical non- 
linear Kerr switching in fiber, using a Bragg or long pe- 
so riod grating. Such fiber exemplarily has a Ge, B or Sn- 
doped core, and typically is subjected to a known Hg 
and/or Dg treatment before grating "writing", to increase 
the photosensitivity of the core. 
[0053] A microstructured fiber with big A and rare 
55 earth doped core can be readily produced, for instance, 
by using a rare earth-doped (e.g., Er) core rod in a struc- 
ture as shown in FIG. 5. Such fiber offers considerable 
advantages over conventional rare earth-doped fibers. 
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Among these is lower requir d power, due principally to 
the high attainable optical Intensity in the core. Cun'ent 
rare earth -doped fibers typically have A's larger than 
those of conventional transmission fibers, to decrease 
laser and amplifier threshold powers and increas effi- 
ciency. Using a rar earth-dop d high Amicrostructured 
fiber instead of a conventional rare earth-doped fiber 
can result in dramatically reduced threshold power, 
making devices such as remotely pumped amplifiers 
more practical and less expensive. Thus, a remotely 
pumped optical fiber communication system that com- 
prises rare earth-doped high A (e.g., > 5%) non-periodic 
microstructured fiber is an exemplary and preferred ar- 
ticle according to this invention. In such a system, the 
pump radiation source typically is more than 200 m (fre- 
quently many l<ilometers) from the fiber amplifier 
[0054] In some applications of optical fiber it is desir- 
able to have available optical fiber having large non-lin- 
earity, as conventionally expressed by the values of the 
second and third order coefficients of the susceptibility, 
usually designated x*^^ and x(3). Microstructured fiber 
can be readily designed to have large third-order non- 
linearity. Since most of the guided optical power is in the 
core region, the amount and character of the fiber non- 
linearity Is largely detennined by the material and size 
of the core region. Exemplarily, if the core region has 
large non-linearity, then the fiber will exhibit large non- 
linearity and be useful for, e.g., parametric amplification. 
This can be accomplished by, e.g., providing a core re- 
gion that consists of multicomponent glass having large 
non-linearity, e.g., Pb-doped silica. 
[0055] However, as discussed above, high A micro- 
structured fiber can exhibit large non-linearity even if the 
core -region is undoped, or doped with a dopant that 
does not significantly increase the nonlinearity. This is 
due to the small mode field that is a consequence of the 
high A of the fiber. 

[0056] The use of microstructured fiber in optical fiber 
communication systems is not limited to the above de- 
scribed exemplary uses, and undoubtedly other uses 
will be discovered as microstructured fibers become 
better known and understood. 
[0057] Fig.4 shows a microstructured fiber 40 having 
circular symmetry, with the core feature 41 surrounded 
by a multilayer 421 -42n (exemplarily more than 10 or 
even 20 layers) cladding, with alternating relatively high 
and low refractive indices. The refractive indices and 
layer thickness are selected such that the structure has 
a desired effective refractive index profile. For instance, 
the layer thicknesses can be chosen such that an inner 
cladding region has a relatively low effective refractive 
index, and an outer cladding region that surrounds the 
inner cladding region has an effective refractive index 
of value between that of the core region and the inner 
cladding region. Such a. microstructured fiber can be 
made, for instance, by drawing from a preform, with the 
described multilayer cladding fomned by, e.g., a conven- 
tional deposition technique such as MCVD, or by col- 
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lapsing a multiplicity of glass tubes around the core fea- 
ture. Optional outer cladding 43 can be conventional. 

Example 1 

5 

. [0058] Microstructur d fiber is mad as follows. A 
multiplicity (exemplarily 169) of silica capillary tubes 
(outside diameter 0.71 B mm, inside diameter 0.508 mm, 
length 12 inches) is provided, and an'anged in a close- 
to packed bundle. The center tube of the bundle is re- 
placed by a solid silica rod of outside diameter 0.718 
mm. One end (to be referred to as the "first" end; the 
other end will be referred to as the "second" end) of each 
capillary tube in the bundle is sealed, without sealing the 
interstitial spaces in the close packed bundle. Silica 
tubes, of inner diameter slightly largerthan the diameter 
of the bundle, are slid over the first and second ends of 
the bundle, respectively, and the combination is mount- 
ed in a conventional glass-working lathe. The end of one 
20 of the tubes is collapsed, with the aid of a vacuum, onto 
the first end of the bundle. This is followed by collapse 
, of the end of the other tube onto the second end of the 
bundle, and pulling off this tube such that the bundle re- 
mains in the desired arrangement. 
25 [0059] After making a hole in conventional fashion 
through the remaining silica tube near the first end of 
the bundle, a thin (exemplarily 1 mm wall thickness) sil- 
ica overcladding tube is slid over the assembly past the 
hole, and is collapsed onto the bundle at the first end, 
30 and then at the second end, such that a vacuum can be 
drawn through the hole. Subsequently, the torch of the 
lathe is traversed from the second to the first end such 
that the overcladding tube is collapsed around the bun- 
dle. The overcladding step optionally is repeated with a 
35 silica tube selected to yield the desired array pitch^and . 
fiber diameter. Exemplarily, a standard (1 9 x 25 mm di- 
ameter) silica tube is used. 

[0060] The thus produced prefonn is removed from 
the lathe and is mounted, second end down, on a draw 

40 tower, and fiber is drawn from the preform in conven- 
tional fashion. The resulting fiber has 1 25^m outside di- 
ameter, 1:1 glass-to-air ratio, 2[im an-ay pitch, with the 
cladding voids forming seven concentric layers around 
the central defect, with triangular unit cell. The fiber is 

45 coated in conventional fashion, and has optical proper- 
ties substantially as predicted by a computer simulation . 
[0061] Non-periodic microstructured fiber is made 
substantially as describe directly above, except that the 
core feature is a silica rod of diameter .71 B.mm, the rod 

50 is surrounded by six silica tubes of inner diameter .61 5 
mm and outer diameter .718 mm, which in turn are sur- 
rounded by more than four layers of silica tubes of inner 
diameter .508 mm and outer diameter .71 8 mm, sub- 
stantially as shown in FIG. 5. This prefonn is overclad 

55 with silica tubes selected to yield, after drawing a de- 
sired fiber diameter. Specifically, preform diameter is 97 
mm. This preform is drawn into fiber having 125 \irr\ di- 
ameter, having a microstaictured region as shown in 



7 



13 



EP 0 810 453 B1 



14 



FIG. 5, with 1 .017 diameter core region (as repre- 
sent d by th diameter of the inscribed circle), center- 
to-center spacings 0.925 fim. and voids of 0.833 ^im and 
0.688 pjn and 0.88 nm. The fiber has a dispersion spec- 
tmm substantially as shown in FIG. 6. . s 



Claims 

1'. An article comprising a microstructured optical fiber w 
having an axial direction and a cross-section per- 
pendicular to the axial direction, the optical fiber 
comprising: 

a core (51 ) having an effective refractive index is 
Nj,; and 

a cladding region comprising an Inner cladding, 
region that surrounds the core region and an 
outer cladding region. that surrounds the Inner 
cladding region, the cladding region having an 20 
effective refractive index less than N^; 
wherein the inner cladding region comprises a 
multiplicity of spaced apart inner microstructure 
elements (e.g., 52, 53) that are elongate In the 
axial direction and are disposed In a first clad- 25 
ding material, the microstructure elements be- 
ing non-periodic In the first cladding material, in 
that the elernents are arranged irregulariy or 
differ in some property, e.g. diameter, and hav- 
ing a refractive Index differing from a refractive 30 
index of the first cladding material, and the in- 
ner microstructure elements contributing to an 
effective refractive index, Nj^; of the Inner clad- 
ding region, 

wherein the outer cladding region optionally 35 
comprises a multiplicity of spaced apart outer 
microstructure elements that are elongate in 
the axial direction, the outer cladding region 
having a refractive index or an effective refrac- 
tive index, N^g, and 40 
wherein Njc<No(.. 

2. Article according to claim 1 , wherein the core region 
and the first cladding material are silica, and the 
cladding microstructure elements are voids. 45 

3. Article according to claim 1 , wherein the core region 
comprises a rare earth element. 

4. Article according to claim 1 , wherein the core region so 
comprises a photosensitive material. 

5. Article according to claim 1 , wherein the core region 
comprises a material selected to provide the fiber 
with Increased third order non-linearity. ss 

6. Article according to claim 1 , wherein and the re- 
fractive index of the cladding region are selected 



such that th microstructured optical fib r exhibits, 
at a predetermined wavelength X and for a funda- 
mental guided mode, a dispersion that is more neg- 
ative than - 300 ps/nm.km. 

7. ArticI according to claim 1, wherein the microstruc- 
ture elements are substantially randomly distribut- 
ed in said cross section of the microstructured op- 

^ tical fiber. 

8. Article according to claim 1 , further comprising an 
optical signal transmitter, an optical signal receiver, 
and an optica! fiber transmission path that signal 
transmissively connects said receiver and transmit- 
ter, wherein the transmission path comprises a first 
length of said microstructured optical fiber 

9. Article according to claim 1 , wherein the outer 
microstructure elements are non -periodically dis- 
posed In the outer cladding region , the outer micro- 
structure elements having a refractive index differ- 
ing from a refractive index of the second cladding 
material. 

10. Article according to claim 9, wherein the inner 
. microstructure elements are of larger diameter than 

the outer microstructure elements. 

1 1 . Article according to claim 1 , wherein the microstruc- 
ture elements are disposed such that the micro- 
structural optical fiber comprises no portion of the 
cladding region having cfoss-sectional dimensions 
equal to or larger than the cross-sectional dimen- 
sions of the core region. 

12. Method of making a microstructured optical fiber 
having an axial direction and a cross-section per- 
pendicular to the axial direction, the optical fiber 
comprising: 

- a core (51 ) having an effective refractive index 
N^; and 

a cladding region comprising an inner cladding 
region that sun'ounds the core region and an 
outer cladding region that surrounds the inner 
cladding region, the cladding region having an 
effective refractive index less than N^^; 
wherein the inner cladding region comprises a 
multiplicity of spaced apart microstructure ele- 
ments (e.g., 52, 53) that are elongate In the ax- 
ial direction and are disposed in a first cladding 
material, the microstructure elements being 
non periodic in the first cladding material see 
previour page and having a refractive index dif- 
fering from a refractive index of the first clad- 
ding nriaterial, and the inner cladding elements 
contributing to an effective refractive index, N^^., 
of the inner cladding region, 
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wherein the outer cladding region optionally 
comprises a nnultiplicity of spaced apart outer 
microstructure elements that are elongate in 
th axial direction, th out r cladding region 
having a r tractive index or an effective refrac- 
tive index, N^g, and 

wherein Njj. < Nq^ the method comprising: 

providing a core element and a multiplicity 
of capillary tubes, the capillary tubes and 
the core element arranged as a bundle, 
with the core element surrounded by the 
capillary tubes; 

forming a preform by a process that com- 
prises collapsing a cladding tube around 
the bundle; and 

drawing the microstructured optical fiber 
from a heated end of the prefomn, wherein 
prior to the drawing step, first ends of the 
capillary tubes are sealed, such that the re- 
sulting sealed ends are remote from the 
heated end of the prefonn. 

13. Method according to claim 12, wherein the capillary 
tubes are arranged in-egularly such that the spaced 
apart Inner microstructure elements are non-peri- 
odically disposed in the first cladding material. 

14. Method according to claim 12, wherein the outer 
cladding region comprises a multiplicity of spaced 
apart outer microstructure elements that are elon- 
gate in the axial direction, the outer microstructure 
elements being noh-periodically disposed in the 
outer cladding region, the outer microstmcture ele- 
ments having a refractive index differing from a re- 
fractive index of the second cladding material, and 
the outer microstructure elements contributing to 
the effective refractive index, N^c of the outer clad- 
ding region. 



15. Method according to claim 14, wherein the inner 
microstructure elements are of larger diameter than 
the outer cladding elements. 

1 6. Method according to claim 1 2, wherein the first ends 
of the capillary tubes are sealed before arranging 
the bundle. 

17. Method according to claim 12, wherein the first ends 
, of the capillary tubes are sealed after an-anging the 

bundle. 



PatentansprOche 

1. Gegenstand, der einen mikrostrnkturierten Licht- 
wellenleiter mit einer axialen Richtung und einem 
Querschnittsenkrecht zu der axialen Richtung um- 
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faBt, wobei der Lichtwellenleiter folgendes umfa3t: 

einen Kern (51) mit einem effektiven Bre- 
chungsindex Ngi und 

etn Claddinggebiet, das aus einem das Kem- 
gebi t umgebend n inner n Claddinggebiet 
und einem das innere Claddinggebiet umge- 
"benden auBeren Claddinggebiet besteht, wo- 
bei das Claddinggebiet einen effektiven Bre- 
chungsindex unter aufweist; 
wobei das innere Claddinggebiet aus mehreren 
beabstandeten inneren Mikrostrukturelemen- 
ten (z.B. 52, 53) besteht, die in der axialen 
Richtung langlich sind und in einem ersten 
Claddingmaterial angeordnet sind, wobei die 
Mikrostrukturelemente In dem ersten Cladding- 
material insoweit nichtperiodisch sind, als die 
Elemente unregelmM3lg sind oder sich hin- 
sichtlich einer bestimmten Eigenschaft, z.B. 
dem Durchmesser, unterscheiden, einen Bre- 
chungsindex aufweisen, der sich von einem 
Brechungsindex des ersten Claddingmaterials 
unterscheidet und die inneren Mikrostruktur- 
elemente zu einem effektiven Brechungsindex 
Njg des inneren Claddinggebiets beitragen, 
wobei das auBere Claddinggebiet wahlweise 
aus mehreren beabstandeten auBeren Mikro-. 
strukturelementeri besteht, die in der axialen 
Richtung ISnglich sind, wobei das auBere Clad- 
dinggebiet einen Brechungsindex oder einen 
effektiven Brechungsindex Nq^ aufweist, und 
wobei < Nqc- 

Gegenstand nach Anspruch 1 , bei dem es sich bei 
dem Kemgebiet und dem ersten Claddingmaterial 
um Siliziumoxid handelt und die Cladding-Mikro- 
strukturelemente Hohlraume sind. 

Gegenstand nach Anspruch 1 , bei dem das Kem- 
gebiet aus einem Seltenerdelement besteht. , 

Gegenstand nach Anspruch 1 , bei dem das kem- 
gebiet aus einem lichtempfindlichen Material be- 
steht. 

5. Gegenstand nach Anspruch 1 , bei dem das Kem- 
gebiet aus einem Material besteht, das so ausge- 
wahlt ist, daB.die Faser eine erhohte NIchtlinearitat 
drifter Ordnung erhatt. 

6. Gegenstand nach Anspruch 1 , bei dem und der 
Brechungsindex des Claddinggebiets derart aus- 
gewahlt sind, daB der mikrostrukturierte Lichtwel- 
lenleiter bei einer vorbestimmten Wellenlange X 
und fur einen gefuhrten Grundmodus eine Disper- 
sion aufweist, die negativer ist als - 300 ps/nm.km. 

7. Gegenstand nach Anspruch 1 , bei dem die Mikro- 
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strukturelemente in dem Querschnitt des mikro- 
strukturierten Lichtwetl nielters im wesentlichen 
zufallig verteilt sind. ' 

8. Gegenstand nach Anspruch 1 , weiterhin mit einem s 
Lichtsignalsender, einem Lichtsignal mpfang r 
und einem faseroptischen Ubertragungsweg, der 
den Empfangerund den Sender signalubertragend 
verbindet, wobei der Ubertragungsweg aus einer 
ersten Lange des mikrostrukturierten Lichtwellen- io 
letters besteht. 

9. Gegenstand nach Anspruch 1 , be! dem die SuBeren 
Mikrostrukturelemente in dem auBeren Claddlng- 
gebiet nichtperiodisch angeordnet sind und einen 
Brechungsindex aufweisen, der sich von einem 
Brechungsindexdeszweiten Claddingmaterlals un- 
terscheidet. 

10. Gegenstand nach Anspruch 9, bei dem die inneren 20 
Mikrostrukturelemente einen groBeren Durchmes- 
ser aufweisen als die auBeren Mikrostrukturele- 
mente. 

11. Gegenstand nach Anspruch 1, bei dem die Mikro- 25 
staikturelemente derart angeordnet sind, daB der 
mikrostrukturierte Lichtwellenlelter keinen Teil des 
Claddinggebiets umfaBt, der Querschnittsabmes- 
sungen aufweist, die genauso groB sind wie oder 
groBer sjnd als die Querschnittsabmessungen des 30 
Kerngebiets. 

12. Verfahren zur Herstellung eines mikrostrukturierten 
Lichtwellenleiters mit eiher axialen Richtung und ei- 
nem Querschnitt senkrecht zu der axialen Rich- 35 
tung, wobei der Lichtwellenlelter to Igen des umfaBt: ' 

einen Kern (51) mit einem effektlven Bre- 
chungsindex Nj,; und 

ein Cteddinggebiet, das aus einem das Kern- 40 
gebiet umgebenden Inneren Claddinggebiet 
und einem das innere Claddinggebiet umge- 
benden auBeren Claddinggebiet besteht. wo- 
bei das Claddinggebiet einen effektiven Bre- 
chungsindex unter aufweist; 45 
wobei das innere Claddinggebiet aus mehreren 
beabstandeten Mikrostrukturelementen (z. B. 
52, 53) besteht, die in der axialen Richtung 
langlich sind und in einem ersten Claddingma- 
terial angeordnet sind, wobei die Mikrostruktu- so 
relemente in dem ersten Claddingmaterial in- 
soweit nichtperiodisch sind, als die Elemente 
unregelmaBig sind oder sich hinstchtlich einer 
bestimmten Eigenschaft, z.B. dem Durchmes- 
ser, unterscheiden, einen Brechungsindex auf- ss 
weisen, der sich von einem Brechungsindex 
des ersten Claddingmaterlals unterscheidet 
und die inneren Claddingelemente zu einem ef- 



fektiven Brechungsindex Nj^ des inneren Clad- 
dinggebiets beitragen, 
wobei das auBere Claddinggebiet wahlweise 
aus mehreren b abstandeten auBeren Mikro- 
strukturelementen besteht, die in der axialen 
Richtung langlich sind, wob idasauBer Clad- 
dinggebiet einen Brechungsindex oder einen 
effektiven Brechungsindex aufweist, und 
wobei Njj. < N^g, wobei das Verfahren folgendes 
umfaBt: 

Bereitstellen eines Kernelements und 
mehrerer Kapillarrohrchen, wobei die Ka- 
pillarrohrchen und 

das Kernelement als Bundel angeordnet 
sind, wobei das Kernelement von den Ka- 
pillarrohrchen umgeben ist; 
Ausbilden einer Prefonn durch einen Pro- 
zeB, bei dem ein Claddingrohr um das 
Bundel kollabiertwird; und 
Ziehen des mikrostrukturierten Lichtwel- 
lenleiters von einem erhitzten Ende der 
Prefonn, wobei vor dem Ziehschritt erste 
Enden der Kapillarrohrchen derart zuge- 
schmolzen werden, daB die resuttlerenden 
zugeschmolzenen Enden von dem erhitz- 
ten Ende der Prefonm entfemt sind, 

13. Verfahren nach Anspmch 12, bei dem die Kapillar- 
rohrchen derart unregelmaBig angeordnet sind, 
daB die beabstandeten inneren Mikrostrukturele- 
mente in dem ersten Claddingmaterial nichtperl- 

. odisch angeordnet sind. 

14. Verfahren nach Anspruch 12, bei dem das auBere 
Claddinggebiet aus mehreren beabstandeten §u- 
Beren Mikrostmkturelementen besteht, die in der 
axialen Richtung langlich sind und in dem SuBeren 
Claddinggebiet nichtperiodisch angeordnet sind, 
wobei die auBeren Mikrostrukturelemente einen 
Brechungsindex aufweisen, der sich von einem 
Brechungsindex des zweiten Claddingmaterials un- 
terscheidet und die AuBeren Mikrostrnkturelemente 
zu dem effektiven Brechungsindex des auBe- 
ren Claddinggebiets beitragen. 

15. Verfahren nach Anspruch 14, bei dem die inneren 
Mikrostrukturelemente einen groBeren Durchmes- 
ser aufweisen als die auBeren Claddingelemente. 

16. Verfahren nach Anspruch 12, bei dem die ersten 
Enden der Kapillan-ohrchen vor dem Anordnen des 
Bundels zugeschmolzen werden. 

17. Verfahren nach Anspruch 12, bei dem die ersten 
Enden der Kapillan-ohrchen nach dem Anordnen 
des Bundeis zugeschmolzen werden. 
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Revendications 

1. Article comprenant une fibre optique microstructu- 
r^e pr^sentant une direction axiale et une section 
transversale perpendiculaire k la direction axial . la 
fibr optique comprenant: 

un noyau (51) ayant un indlce de refraction ef- 
fectif No; et 

une region de piacage comprenant une region 
de piacage int^rieure qui entoure la region du 
noyau et une region de piacage ext^rieure qui 
entoure la region de piacage intdrleure, la re- 
gion de piacage ayant un indlce de refraction 
effectif inf6rieur k N^; 

dans lequel la region de piacage int^rieure 
comprend une multiplicit§ d*6l§ments de mi- 
crostructure int^rieurs espac^s les.uns des 
autres (par exemple, 52, 53) qui sont allonges 
dans la direction axiale et qui sont disposes 
dans une premiere mati^re de piacage, les Ele- 
ments de microstructure n'etant pas p6riodi- 
ques dans la premiere matifere de piacage en 
ce que les elements sont arranges de fapon ir- 
reguii^re ou different quanta certain es proprie- 
t§s, par exemple le diametre, et ayant un in dice 
de refraction different d'un indlce de refraction 
de la premiere matiere de piacage, et les ele- 
ments de microstructure interieurs contribuant 
k un Indice de refraction effectif Nj^ de la region 
de piacage interieure, 

dans lequel la region de piacage exterieure 
comprend en option une multipliclte d'6l6rnents 
de microstructure exterieurs espaces les uns 
des autres qui sont allonges dans la direction 
axiale, la region de piacage exterieure ayant un 
Indlce de refraction ou un Indice de refraction 
effectif et 
dans lequel < N^c- 

2. Article confomiement k la revendlcation 1 , dans le- 
quel la region du noyau et la premiere matiere de 
piacage sontde la silice, et les elements de micros- 
tructure du piacage sont des vides. 

3. Article conformement k la revendication 1 . dans le- 
quel la region du noyau comprend un element des 
terres rares. 

4. Article conformement k la revendication 1 , dans le- 
quel la region du noyau comprend une matifere pho- 
tosensible. 

5. Article conformement & la revendication 1 , dans le- 
, quel la region du noyau comprend une matiere se- 

lectionnee pour conferer k la fibre une non llnearlte 
accrue de troisieme ordre. 



6. Article conformement k la revendication 1 , dans le- 
quel et rindice de refraction de la region de pia- 
cage sont selectionnes de telle sorte que la fibr 
optique microstructuree presente, k une longueur 

5 d'onde X pr ' detemninee et pour un mode guide f on- 
damental, un dispersion qui est plus negative que 
-300 ps/nm.km. 

7. Article confonnement k la revendication 1 , dans le- 
10 quel les elements de microstructure sont repartis de 

fagon substantiellement aieatolre dans ladite sec- 
tion transversale de la fibre optique microstructu- 
ree. 

15 8. Article confonnement k la revendication 1 , compre- 
nant en outre un emetteur de signal optique, un re- 
cepteur de signal optique, et un chemin de trans- 
mission par fibre optique qui relie en transmission 
. de signal lesdits emetteur et recepteur, dans jequel 

20 ie chemin de transmission comprend une premiere 
longueur de ladite fibre optique microstructuree. 

9. Article confomnement k la revendication 1 , dans le- 
quel les elements de rnicrostructure exterieurs sont 

25 disposes de fagon non periodique dans la region de 
piacage exterieure, les elements de microstructure 
exterieurs ayant un indice de refraction different 
d'un indice de refraction de la seconde matiere de 
piacage. 

30 

10. Article confomnernent k la revendication 9, dans le- 
quel les elements de microstructure Interieurs sont 
de plus grand diametre que les elements de micros- 
tructure exterieurs. 

35 ' ■ 7 

11. Article conformement k la revendication 1 ,,dans le- 
quel! es elements de microstructure sont disposes 
de telle sorte que la fibre optique microstructuree 
ne comprenne aucune portion de la region de pla- 

40 cage presentant des dimensions de section trans- 
versale egales ou superieures aux dimensions de 
section transversale de la region du noyau. 

12. Methode de fabrication d'une fibre optique micros- 
"15 tructuree presentant une direction axiale. et une 

section transversale perpendiculaire k la direction 
axiale, la fibre optique conhprenant: 

un noyau (51) ayant un indice de refraction ef- 
50 fectifNoiet 

une region de piacage comprenant une region 
de piacage interieure qui entoure la region du 
noyau et une region de piacage exterieure qui 
entoure la region de ptacage interieure, la re- 
55 gion de piacage ayant un indice de refraction 

ffectif inferieur k N^;. 
dans lequel la region de placag interieur 
comprend une multiplicite d'eiements de mi- 
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crostructure int^rieurs espaces les uns des 
autres (par example, 52, 53) qui sont allonges 
dans la direction axiate t qui sont disposes 
dans une premiere mati^re de placage. les dl^- 
ments d microstructur n'etant pas p^riodi- 
ques dans la premiere nriati^r de placage en 
ce que les elements sont arranges de fa^on ir- 
reguiifere ou different quant k certaines proprie- 
t6s, par exemple le diam6tre, et ayant un indice 
de refraction different d'un indice de refraction 
de la prenrti^re mati&re de placage, et les ele- 
ments de placage interieurs contribuant k un 
indice de refraction effectif de la region de 
placage interieure, 

dans lequel la region de placage exterieure 
comprend en option une multlplicite d'el6ments 
de microstructure exterieurs espaces les uns 
des autres qui sont allonges dans la direction 
axiale, la region de placage exterieure ayant un 
lndlce.de refraction ou un indice de refraction 
effectif Nqc, et 

dans lequel < N^g, la methode comprenant 
les etapes de: 



crostructure exterieurs contribuant k I'indic de re- 
fraction effectif N^jg de la region de placage exte- 
rieure. 

5 15. Methode conf ormement k la revendicallon 1 4, dans 
laquelle les eiem nts de microstnjcture interieurs 
sont de plus grand diametre que les elements de 
placage exterieurs. 

JO 16. Methode conf omnement k la revendicatlon 1 2, dans 
laquelle les premieres extremltes des tubes capil- 
laires sont sceliees avant Tarrangement en botte. 
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17. Methode conf ormement k la revendicatlon 1 2, dans 
laquelle les premieres extremltes des tubes capil- 
laires sont sceliees aprfes I'an-angement en botte. 



foumiture d'un element de noyau et d'une 
multiplicite de tubes capillaires, les tubes 
capillaires et reiement de noyau ietant ar- 
ranges en une botte, ou reiement de noyau 
est entoure par les tubes capillaires; 
formation d'une pr6forme ^ I'aide d'un pro- 
cede qui comprend I'ecrasement d'un tube 
de placage autour de la botte; et 
tirage de la fibre optique microstructuree k 
partir d'une extr6mite chauff6e de la pre- 
forme, dans laquelle avant I'etape de tira- 
ge, des premieres extr6mit6s des tubes ca- 
pillaires sont sceliees, de telle sorte que les 
extremites etanches qui en resultent soient 
eioignees de I'extremite chauffee de la pre- 
forine. 
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13. Methode confomn6ment k la revendicatlon 1 2, dans 
laquelle les tubes capillaires sont arranges de fagon 
in-eguliere de telle sorte que les elements de mi- 
crostructure Interieurs espaces les uns des autres 
soient disposes, de fagon non periodique dans la 
premiere matiere de placage. 

14. Methode conformementii la revendicatlon 12, dans 
laquelle la region de placage exterieure comprend 
une multiplicite d'eiements de microstructure exte- 
rieurs espaces les uns des autres qui sont allonges 
dans la direction axiale, les elements de microstruc- 
ture exterieurs etant disposes de fagon non perio- 
dique dans la region de placage exterieure, les ele- 
ments de microstructure exterieurs ayant un indie 
de refraction different d'un indice de refraction de la 
seconde matidre de placage, et les elements de mi- 
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